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ABSTRACT 
Ultra-high vacuum creep data a re  presented f o r  tungsten,  tungsten-25% 
rhenium, TZM and TZC molybdenum alloys,  and AS-30 columbium al loy.  
a l l o y  exh ib i t s  the  grea tes t  creep s t rength of the  turbine a l loys  examined 
and has been selected f o r  t he  i n i t i a l  10,000 hour creep tests. 
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The work described herein is  being perforrned by 'i":i Inc.  under the 
sponsorsnip of tk National Peronautics and Tjnace AdTinistration under 
Contract 1IP.S 3-2545. 
data on re f rac tory  metal alloys f o r  use i n  space power systems. 
The nurpose of t h i s  study i s  i;o obtain design creep 
The program is  administered f o r  TKd Inc. by L;. A. Ste ip rwa ld ,  Fro-- 
gram Nana~er.  2. Sawyer i s  the Principle InvesQiga-tor. 13. f 'hil leo ar.d 
El. Ebert conzributed t o  the program. 
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The object of t h i s  program is t o  obtain long-tims creep data on 
The equipment design and the description of the test 
selected refractory alloys which have potential use in advanced space 
power systems. 
methods have been presented in previous quarterly r e p ~ r t s .  
A large number of the vacuum chambers have shown small leaks in  the 
cold w a l l  welds. As a result, extensive reworking has been perfmmd. A t  
present eleven units haw been repaired and testing of the currently avail- 
able alloys is being conducted in five of the chambers. The purpose of 
these tests is t o  screen the alloys cn the basis of creep resistance and 
t o  select  s t ress  levels which w i l l  produce useful design data i n  10,000 
hour tes ts ,  
The t e s t  plan consists of conducting tests aimd a t  determining the 
relative creep behavior of five turbine alloys in the temperature range 
between 2000.F and 2 2 0 0 T  and three cladding alloys at 3 2 0 0 ~ .  The turbine 
alloys selected f o r  evaluation in forged disc or rolled plate form wereg 
columbium-base alloys, AS-30 and Cb132Mj molybdenum-base alloys, TZH and 
TZC; and ST222, a tantalum-base material. The cladding alloys which are 
t o  be tested as  0.030" sheet include: arc-cast tungsten, arc-caat tungsten- 
25% rhenium alloy, and Qlvania A alloy. A t  present the AS-30, TZM, TZC, 
tungsten and tungsten-2S% rhenium have been reueived. 
of these alloys is presented in Appendix I along with dimensions of the 
t e s t  specimns and the orientation of the specimen blanks r e l a t i w  t o  the 
work- direction of the as-received material. 
The processing history 
The available creep test data and the chemical analyses of the alloys 
are presented in  de ta i l  in Appendix 11. 
!Phe t e s t  procedure involves obtaining a vacuum of 1W1O Torr or bet ter  
a t  room temperature, then heating the  specimen at  a ra te  so that the vacuum 
never i s  more than the 1017 range, The specimen is then held a t  temperature 
f o r  approximately two hours prior t o  load application, During the i n i t i a l  
stages of the test some specimen contraction is often observed dm t o  a 
s l ight  temperature decrease produced by the increased grip contact and the 
resulting increase in  heat conduct on. 
continuously improves into the  loo8 - 10-9 scale, As the t e s t  proceeds, t he  vacuum 
The i n i t i a l  creep tests are being conducted a t  three s t ress  levels 
with the end-point c r i te r ia  being a t o t a l  extension of I$ in the turbine 
alloys and 5% i n  the cladding mterial, 
t e s t s  is  t o  obtain t h i s  degree of extension in approximately lo00 hours. 
On the basis of these evaluations, one turbine and one cladding alloy dll 
be selected for 10,000 hour tests. 
The ultimate goal in the screening 
- 1 -  
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The objec t  of this program is to  obtain long- t im creep data on se-  
l ec t ed  re f rac tory  a l loys  which have poten t ia l  use i n  advanced space power 
systems. Earlier repor t s  have c?escribed the equipnent design and t e s t  
methods, and have presented creep data  on tungsten, tungsten-25$ rhenium 
alloy, TZX molybdenum al loy,  and AS-30 columbium al loy.  T h i s  report  pre- 
sen ts  addi t iona l  creep data  f o r  t h e  above materials and f o r  TZC molybdenum 
al loy.  
In te rna t iona l  System o f  Units 
Certain of the f i e l d  centers of the National Aeronautics and Space 
Administration have followed the Plational Bureau of Standards i n  adopting 
the  units of t h e  In te rna t iona i  System ( S I ) .  
the  Tnternational System of units w i l l  be presented along with t h e  more 
comentional  engineering u n i t s .  
A s  a r e s u l t ,  i n  t h i s  repor t  
The conversion values f o r  the  terms used most frequently i n  t h i s  
program are presented i n  the following table .  
COfEOFLY USED COIWERSIONS F'ROI? DTGLISH 
English In te rna t iona l  
1 8 0 0 ~ ~  - 982' Celsuis ("C) 
2000'F - 1093OC 
2200'F - 12C4' C 
Ternper a ture  -
2 850 OF - 1.566"~ 
32000F - 1760°C 
Vacuum- ~x 10-8 Torr (mm~g) = 1.333x 10-6 newtons/neter2 
3092°F - 17GO'C 
St re s s  - 1000 p s i  = 6.895 x 10 6 newtons/me t e r2  
85L6 -1- 
> 
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Materials and Procedure 
A sumnary of the material var iables  being evaluated i s  presented i n  
Table 2, while t he  compositions of the spec i f ic  a l loys  are summarized i n  
Table 3. A deta i led  descr ipt ion of the  processing h is tory  of tungsten, 
tungst,en-25% rhenium, TZM, TZC, and AS-30 was presented i n  the  previous 
progress report(r)*, and s imilar  da ta  f o r  Sylvania A al loy are gimen in 
Appendix 1 of t h i s  report .  
T b  g e o m t r i e s  f o r  both t h e  rod and sheet specimens are shown in 
Figures 
5 x 1Oo1& Torr (6.65 x lo%/$) cr better a t  room temperature, then 
heaJing the  specimen a t  a rate so t h a t  the  pressure never rises above 1 x 
10  
appraximate'ly two hours pri-or t o  load application. After the  f irst  few 
minutes of load application, specimen contraction can of ten be observed 
due t o  a s l i g h t  temperature decrease produced by the increased g r i p  con- 
tact and the resu l t ing  increase i n  heat conduction. 
the vacuum continu us1 
range (10-7 t o  10&/4 range), 
aid 2. The t e s t  procedure involved obtaining a vacuum of 
Torr (1.33 x lOAN/d). T h e  specimn i s  held a t  temperature f o r  
As the test proceeds 
improves and approaches the  10-9 t o  10-10 Torr 
Exper imnta l  Results 
The general  t e s t  plan involves conducting 1000 hour screening tes ts  
on all the  alloys and from these da t a  select ing appropriate materials f o r  
long t im creep t e s t a .  
as a t o t a l  creep of 1% f o r  the materials applicable t o  turbines (AS-30, 
Cbl32M, TZM, TZC) arid 5% creep f o r  the cladding a l lnys  (W, W-25kRe). 
The bas ic  creep data for al-1 the tests completed o r  i n i t i a t e d  during t h i s  
quarter are presented in  Appendix 2. 
A t  present, the test end point has been chosen 
Tungsten and Tungsten-25% Rhenium 
The creep curves f o r  tungsten and tungsten-25$ rhenium tested a t  
3200.F (17600~)  are presented in  Figure 3.  The W-25% R e  a l l o y  loaded a t  
1500 p s i  (1.03 x 10?N/m2) s h e e d  a t o t a l  extension of 2.76% in 800 hour8 
while the tungsten loaded at 1000 p s i  (6.9 x 106N/$) extended 1.02% in 
688 hours. 
* N d r s  i n  parentheses per ta in  t o  references i n  the  Bibliography, 
- 2 -  
il 
I .  TRW EQUIPMENT LABORATORIES 
T H O M P S O N  R A M 0  WOOLDRIDGE INC. 
. 
E < 
+ 
F 
C c 
+ 
D 
E 
.r 
? 
a 
E 
R 
8 
cI\ 
V 
5 
ln 
rl 
R 
0 
cu 
V 
3 
k" 
L! 
rl 
a 
Q) 
N 
.rl 
4, 1- 
(v cu u cu 
N 
E+ l3 
Io 
rd 
rl 
(d 
.d 
k 
a, 
4J 
2 
0 * 
a 
a, 
rn 
.I+ 
k 
$ 
5 
rl a 
a, 
5 a 
6558 - 3 -  
a 
TR W EQUIPMENT LABORATORIES 
4 .  
THOMPSON R A M 0  WOOLORIDGE INC. 
ch 
3 cu 
cu 
0 
v! 
pc 
cu 
-? 
TR W EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLPRIOGE INC. 
* 
L 
a 
U 
8 
- 5 -  
4 
TRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIOGE INC 
1 
I 
5 
0 
0 I 
A 
=o c, 
-In 3 
h 
W m 
L 
1L o 
I- 
W 
W 
I 
v) 
K e 
n 
W 
v) 
3 
z 
W 
E 
o 
W e 
v) 
e 
W 
W 
0 
L- 
a 
. .  
CII 
7627 - 6 -  
TRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIDGE INC. 
a a 
P -  
Y 
4 
3 
3 
6-01 X 96 4 I o  
f 
0 
0 
0 I 0 e-01 x GI 
6-01 X C'6  
c_ 
s-ol x C 
K 
X 
X 
X 
Y 
, x  
0 
x -  
,-a x 91 
0 "  
O X  
8-01 x 82 
ox c 
X 
0 
8 
Cf 
I 
J a 
- 7 -  
TRw EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIDGE INC. 
For purposes nf i n i t i a l l y  comparing the  ava i lab le  data,  the  Larson- 
Miller plot  was employed w i t h  a value of 1-5 f o r  the constant (see Figure 
42. Using t h i s  methoci nf presentation, nq s ign i f i can t  difference between 
the  creep propert ies  of the tungsten and tun~sten-2Sg rhenium was apparent 
a t  t he  lower l eve l s  of applied s t ress .  
. 
I n  general, when publ-ished data obtained a t  higher temperatures on 
powder m t a l l u r g v  tungsten i n  an argon atmosphere were analyzed, they in- 
dicated a higher s t r e s s  c a r a b i l i t y  f o r  a given value of the Larson-Miller 
parameter. 
Molybdenum Base Alloys - TZM and TZC 
The tes t  da ta  obtained on TZM a t  2000OF (1093°C) under an applied 
s t r e s s  of l0,OOO p s i  (6.89 x 107 N/m2) are presented i n  Figures 5 and 
6. Two material  conditions a re  being evaluated. The var iable  representing 
the  as-received, s t ress-rel ieved condition (Figure 5 )  ind ica tes  a rela- 
t i v e l y  constant creep rate over the 2000 hour t e s t  period, while the specimens 
from the  r ec rys t a l l i zed  mater ia l  exhibited creep behavior that w a s  considerably 
d i f f e ren t .  
creep curve was apparent in the  recrystal-l ized mater ia l  followed by an 
extended period where no creep and even some specimen contraction was measured. 
I n  many of the  creep curves, obvious d i scon t inu i t i e s  have been noted and 
cnnsiderable e f f o r t  has Seen devoted t o  determining whether these var ia t ions  
can be a t t r i bu ted  t o  experimental problems o r  t o  real material  behavior. 
A check of the temperature measurements using both t h e  thermocouples 
contained i n  the  system and the opt ica l  pyrometer have indicated t h a t  
temperature fl-uctuations a re  not the cause. Variations i n  ex tensomter  
readings a re  a l s o  not  believed t o  be the primary contributing f ac to r ,  s ince 
al-l measurements a re  performed on the same instrument and the observed f l u c -  
tua t ions  are  greater than differences noted between various observers. 
bas i s ,  the d i scon t inu i t i e s  a re  believed t o  be a material e f f e c t  associated 
with some type of phase change which i s  occurring during tes t ing .  
of specimens after t e s t i n g  w i l l  be perfarmed i n  an e f f o r t  t o  define t h e  
var ia t ions  i n  material hd?ich may be occurring during the tes t  exposure. 
A t  approximately 325 hours a s ign i f i can t  d i scont inui ty  i n  the 
On t h i s  
Analysis 
Since the  TZM i s  being t e s t ed  as pancake forgings,  a question e x i s t s  
as t o  whether s ign i f i can t  var ia t i -ns  are present i n  t h e  degree of working 
throughout the forging and t h e i r  possible influence on creep propert ies .  
T h e  var ia t ion  in microstructure as a funct ion of pos i t ion  from the outer  
edge of the f-rging i s  shown in Figure 7. The s t ruc tu res  are reasonably 
consis tent  and comparable t o  those found i n  the  specimen gage sections.  
The structm!e of the cross-section of t h e  TZM i s  shown in Figure 8, which 
i l lustrates the  t.ypical flow pattern. 
i n  gra in  pa t te rn  can ex i s t  between the  gage sect ion and the specimen button- 
head; however, over the 2” gage length the  s t ruc ture  is  reasonably reproducible 
and should not  introduce a wide degree of s c a t t e r  i n  t e s t  r e su l t s .  
The r e s u l t s  ind ica te  t h a t  var ia t ions  
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The in i t ia l -  t es t  on TZC was performed a t  2000°F (1393°C) a t  a load 
N o  Easurab le  amount of creep was ob- of lL,OOO p s i  (9.65 x lo7 N/m7), 
served a f t e r  5'20 hours. 
approximation of a su i tab le  stress f o r  the TZC a l loy  a t  t h i s  temperature, 
a tlstaircaser'  loading teclhnique was employed. Thus the  specimen was re10 
a t  7'7,000 p s i  (1.38 x 7-CIo N / m 2 )  f o r  259 hours,  and 2?,0(30 p s i  (1.52 x 10 
f o r  572 hours. 
was heated t o  3092°F (1700°C) for 1 hour, and cooled t o  room temperature 
p r io r  t o  re tes t ing .  
loaded specimen is  shown i n  Figure 9. 
specimen appeared t o  have improved the creep propert ies  r e l a t i v e  t o  t h e  
i n i t i a l  r ec rys t a l l i zed  TZC material. 
I n  order t o  save set-up time and obtain an 
aged N/m2) 
Between each of these t e s t s  the load was  removed, t he  specimen 
A summary of the  r e s u l t s  obtained on the sequent ia l ly  
The repeated loading and heating of the  
ch.1 t he  basis of these preliminary data ,  stresses were se lec ted  f o r  long- 
time tests on TZC a t  ??C)3"F (I?O4"C)  and 2000°F (l093"C) and the  current  
r e s u l t s  a re  presented in  Firzure 10. 
A comparison clf the TZM and TZC da ta  on the  bas i s  of the Larson-Miller 
parameter i s  given in Figure 11, along with previously published da ta  ob- 
ta ined under less s t r ingent  vacuum conditions(3). 
t h e  TZM a l l o y  used i n  the current program i s  subs tan t ia l ly  less than that 
previously reported. 
with e i t h e r  mater ia l  processing, composition, o r  t e s t  conditions. 
The creep res i s tance  of 
However, a t  present t h i s  difference cannot be associated 
Columbium Alloy - A S-30 
The creep da ta  obtained during t h i s  quar te r  on AS-30 a r e  summarized 
A presentation of th? 
Figure 12. A t  the  specific t es t  temperatures, t h e  material  has l e s s  
creep res i s tance  than the  molybdenum-base al loys.  
da t a  on a Larson-Mller p lo t  i s  shown in Figure 13 f o r  various degrees of 
creep extension. 
Future Work 
During the next report  period, addi t iona l  10,000 hour tests w i l l  be 
i n i t i a t e d  with the TZC alloy. 
and 2200OF (1204OC). 
These tests w i l l  be a t  1800°F (987"C>  
The ST-222 tantalum a l loy  p l a t e  has been received; and, in agreement 
with NASA, t h i s  a l l o y  w a s  returned t o  t h ?  vendor t o  be roll-ed i n t o  T-222 
sheet  material s ince the actual  composition of t he  as-received ST-222 was 
within the  T-222 a l l o y  specificatioq. 
received during the  next report period, and tong-time tests w i l l  be i n i t i a t e d .  
The reworked a l l o y  should be 
The Sylvania "A" sheet received contained a number of defects ;  however, 
it was possible t o  obtain sui table  tes t  specimens. 
t e s t e d  on a l imited b a s i s  during thq next report  period, along with the  
Cb132M columbium a l loy  which is schedul-ed f o r  de l ivery  ea r ly  i n  April.  
This material w i l l  be 
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lO0,Ooo 
l0,ooO 
I 
TZM DATA (REF. 3) 
r/ (0.03% c)  
TZC 
' 0  
TZM ' r ' O \ -  
(0.013% C) 
0 TZM DATA EXTRAPOLATED I% CREEP 
0 TZC DATA EXTRAPOLATED I% CREEP 
I N 
30 40 
T (15 + LOG t) 
50 
FIG. I I :  COMPARISON OF I% CREEP DATA FOR MOLYBDENUM 
ALLOYS OBTAINED UNDER ULTRA HIGH VACUUM 
CONDITIONS WITH PREVIOUSLY PUBLISHED DATA. 
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FIG. 13:LARSON MILLER PLOT OF CREEP DATA FOR AS-30 
STRESS - RELIEVED PLATE TESTED UNDER ULTRA- 
HIGH VACUUM. 
> 
. I  
- .  IRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLDRIOGE INC. 
1, J. C. Sawyer, and C. H, P h i l l e o ,  rrGeneration of Long Tim Creep Data 
on Refractory Allqys a t  Elevated Temperatures'', Sixth Quarter ly  
Report CR 54287, NASA Contract NAS 3-254.5, (January 15, 1965). 
F. F. Schmidt and H. R. Ogden, "The Engineering Propert ies  of Tungsten 
Alloys", DMIC Report 192, (September 27, 1963). 
2, 
3. Creep Rupture Properties of S t ress  Relieved TZM Alloy - SNAP sO/SmR 
Program Part  1. Report No. PAT TDR-64-1.16, October 1964. 
- 20 - 
TRW EQUIPMENT LABORATORIES 
THOMPSON R A M D  WOOLORIDGE INC 
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PROCXSSING HISTqRY 9F SYUJANIA A AT,LqY 
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TFSTE I 
PYnCCSSSING nF SYLTANIA trAtt SmET 
ikn? o r  : Svlvania Elec t r ic  Products Inc. 
Chemical. and Metallurgical Division 
Towanda, Pennsylvania 
Processing H i s  t o r  V: 
1. 
7 b  
3. 
4. 
5. 
R o l l i n g  sl.abs were made by i s o s t a t i c a l l y  
pressing powder 
Sl-abs ro l led  a t  lSW- l -?OO°C t o  0.r)33rt. 
Total. reduction 90% 
Intermediate anneal-ing - None 
Fina t  s t r e s s  r e l i e f  - f i v e  minutes a t  7 5 9 ' 1 O C  
Sheet trimmed w i t h  an aSrasive saw and chemically 
cleaned. 
Hardness: 738 DPH 
62 Rc 
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CREEP DATA 
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TABTE I
CREEP TSST DATA, W-?%Re SHTET, TESTED AT 32OOOF (1760'9:), 1500 PSI (1.03 x 1 0 7 N 2 / m 2 )  
T ime  
(Minutes ) 
5 
10 
15 
70 
30 
b5 
60 
tength Change 
It ( in )  
(2" G.L.) 
* 0006  
*00010 
.0001u 
.00010 
,00010 
,00010 . 00010 
Specimen S-8 
T-ength Change 
P r e  sswc Time  AL ( i n )  
( T o r r )  (Hours (2" G.L.) 
3-5 x 10-7 10.6 
82.7 
1 g . 6  
130.6 
154 . 6 
178.8 
250.6 
274.5 
298.6 
3? 2 .5 
346.7 
418.5 
442.9 
466.7 
490.7 
515. 0 
586.7 
611 . 1 
634.6 
658.7 
682.7 
754.7 
781.3 
802.6 
826.6 
850.5 
.OW5 
.775 
-350 
-3675 
-5325 
.585 
,767 
.a65 
.897 
1.067 
1.097 
1.24 
1.35 
1.455 
1.612 
1.672 
1.935 
2.005 
7.07 
2 -15 
'245 
2.532 
2,692 
2,762 
2.85 
2 e917 
Pressure 
(Torr) 
1.4 10-7 
2.1 x 
1.6 x 10' 
1.6 x 
9.8 x 10-9 
2.0 x To-; 
1.4 X 1 d  
1.0 x 10-8 
1.0 x 10-8 
9.6 10-9 
9.4 10-9 
8.5 10-9 
1.5 x 10-8 
8.4 10-9 
1.0 x 10-8 
9.6 10-9 
1.0 x 10-8 
9.2 x 10-9 
8.9 10-9 
1.2 x 10-8 
7.0 10-9 
7.5 x 10-9 
7.2 10-9 
7.7 10-9 
8.3 10-9 
7.9 x 10-9 
Test i n  progress 
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TAB18 I1 
CREEP TEST DATA. TUNGSTEN SHEET, TESTED AT 3200'F (1760"C), 1000 PSI (6.89 x 106Nw/m2) 
Length Change 
Time At (in) 
(Minutes) (2" G.T,.) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
TO 
15 
20  
?5 
30 
60 
Spcimen S-9 
.0006 
.OOOl5 
,00015 
"00010 
,00015 
,0002 0 . 0002 0 
.0002 0 . 0002 0 
.OOOl5 . 0002 0 
.00010 
.0002 0 
.0002 0 
.om0 
Creep Pressure 
( % I  (Torr) 
.om5 4.4 x 10-8 . 0075 
0075 
.O$ 
-0075 . 010 . 010 
.010 
,010 
0075 
.or0 
"00s 
,010 . 010 
,010 
Length Change 
Time A L  ( i n )  
(Hours (3" G.L.) 
16.6 
88.4 
112.4 
136 3 
1.60.3 
1% .4 
280.7 
304 -5 
378.4 
357.7 
424-5 
44 8 -9 
472.3 
496.4 
520.4 
597.4 
619 ,I 
640.3 
664.3 
688.2 
256-3 
.OQt8 
.0@8 
.00615 
,0075 0 
..00880 
,00960 . 01115 
.012 15 
,01265 
..01.330 . 01575 
.01725 
.017% 
.01725 
.01740 
,01810 
,01190 
01930 
,01960 . 02 010 
. M a 0  
Creep 
(% 1 
.090 
,740 
-3 07 
.375 
-440 
.480 
.557 
,595 
.607 
.632 
.665 
.787 . 862 
.852 
,862 
,870 
. 9 6  
.965 
1.Q6 
- 
.980 
1.02 
Pressure 
(Torr) 
7.2 x 8 
1.0 x 
1.1 x 10- 
9.2 x 109 
7.8 x 10-9 
6-9 x 10-9 
5.6 x 
1.6 x 
3.9 x 10-9 
6.8 x 10-9 
6.5 x 10-9 
7.2 x 10-9 
6.1 x 10-9 
6.3 x 10-9 
9.0 x 10-9 
5.0 x 10-8 
4.9 x 10-8 
4.7 x 10-8 
4-6 x 10-8 
3.6 x 
4.0 x 
Test i n  progress 
A 
I 
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Time 
(Minutes 1 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
15 
20 
25 
30 
45 
60 
75 
90 
(Hours) 
20.0 
74 07 
125.7 
136 05 
160.3 
1&.4 
208.5 
232.2 
36.4 
328.3 
TASTE I11 
CREZP TEST DATE, STRESS-?ETJETEII TZM FnRGE3 D I S C ,  TESTED AT 
3030’F (1093”C), 13,000 PSI (6.89 x l O 7 N / m 2 1  
Zength Change 
(2” G. L.) 
-.00030 
(in) 
-.000.15; 
-0 oool5 
-0000l.5 
-.00005 . 00010 
.00m . Oooo 
.OOolO 
.00005 
.00005 . 00010 
.00005 . 00000 
.00010 
o m 5  
.00005 
.00OlO 
-.o0005 
.00030 . 00100 
.00080 . 00085 
.00085 
.ooogo . ooogo 
.Ool00 . 00100 
Time 
(Hours 1 
352 03 
376& 
400.8 
457 0.5 
472.6 
497 0 
520.2 
544.1 
568.2 
640.2 
664 3 
712 03 
736.3 
810.2 
832.2 
856.1 
880.1 
9a.O 
982.8 
1000.2 
1024.2 
lOlr8.3 
1072.1 
1l44 00 
1168.3 
1192.2 
12  16 .4 
1240.2 
1336.2 
Bngth  Change 
A L  ( in)  
(2” G. L.) 
.0010!5 
.GO105 . 00110 
o00130 
000135 
.0ol40 
oOOY.45 . o m 5  
.00l50 
.OOl55 
o00170 
000175 
.00170 
-00175 . 00185 . 0018 
.0020 
.03205 . 00210 
.00210 
.00210 
003220 
0 0022 0 
e00230 
002 35 
o 0 0 2 4 0  
.0025’0 
.00250 
.om50 
Creep Pressure 
(Torr) (%I 
.0525 1.9 
.os25 1.3 10-9 
.os 2.1 10-9 
.OS 1.3 10-9 
.0675 1.2 10-9 
0070 1.2 10-9 
.0725 1.2 10-9 
.0725 1,2 10-9 
.075 1.2 10-9 
.0775 1.5 10-9 
.085 9.2 x 10”O 
.0875 7.4 x 
.085 7.6 x W I O  
.0875 1.3 x 
.0925 9.0 x 
.093 9.2 x l0-l’ 
0100 7.5’ x 1c-10 
01025 7.7 x 1c-1O 
.lo5 8.1 x 10”O 
. IO5 7.6 x 
.lo5 8.2 x 10’” 
.110 8.0 x 
. n o  1.3 10-9 
.ls 6.9 x 
.1175 6.9 x 
.PO 6.6 x 10”~ 
.I25 6.4 x W I O  
.I25 5.8 x 10”~ 
0125 5.9 x 10-10 
Specimen B-3 
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TAVS 111 (Cont,) 
Length Change 
Time T, ( i n ,  Creep Pressure 
(Tor r )  (7"  f, TI.)  -- ( $ 1  ( H n u r s )  
Srscimm 3-3 
1360.3 
1-3 84 .3 
1ltoR. 5 
1480.3 
1557.9 
1648.3 
1696.4 
1 7 2 ~ 5  
1-816.4 
1864 .? 
19%. 3 
7 080.1- 
t 9 I 3  .3 
2037.2 
.oc750 017.5 5.8 x to-10 
.10750 0175 5.7 x 10-10 . '3Q?50 0195 4.4 x 10-20 . 00260 . 13 . Of32 70 .135 4.6 x 10-10 
4.Q x 10-10 . '3032 c) . t6  . 0032 0 .14 3.8 x 10-10 
4.4 x 10-10 .Q0320 . 16 
5.7 x 10-19 .Q93? 0 . 16 . 00315' .IS7 3.8 x 10-10 
. O m  5 .I62 4.0 x 10-1-0 . 00339 .T65 7.6 x 10-10 
m335 .167 3.4 x 10-10 . 0034 0 . 17 
4.6 x 
3.1 x 10-10 
Test i n  progress  
. 
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Time 
(Minutes ) 
1 
7 
3 
h 
5 
6 
7 
8 
9 
10 
11 
13 
13 
Ilr 
15 
2 0  
' 5  
30 
35 
h0 
h5 
60 
CREEP TEST DATA, TZM FORGED OISC, R'3CRYSTAT,T81ZZT3 AT 28;O"F (1566"C), FnR 
1 H W R ,  TEST!!D AT 2000'F (193°C) 10,000 PSI (6.89 x I O 7  N/m2) 
Length 
A L  ( i n )  Creep Pressure 
2" G. L. (% 1 Torr - 
.OW30 
-00dl5 . OOOLO . O W 3 0  
.om25 
,09015 . OOOG 
00010 
9CQ2 0 
.O003 0 . 00030 
,oow5 
.O0030 
.OO030 
.00035 . OOdr5 
.OoQ50 . Q005S 
.00050 . 00050 
.00350 
.m050 
.015 6.0 x 10-10 
.M25 
.m 
.015 
.01'5 
.0075 
-0075 
.005 
.O10 
. o s  
.Ol5 
.OP5 
. o s  
. o s  
-0175 
.0225 
002.5 
.M75 
.o25 
.0?5 
.Q75 
.O% 
Tim 
(Hours) 
16.6 
40.7 
1-a .5 
136.5 
1-60.4 
l8L .4 
? 08.3 
787.5 
304.7 
32 8 -7 
336.5 
357.6 
374.4 
446.3 
h73.7 
496.6 
570.8 
544.6 
61.6.4 
664.6 
688.7 
717.8 
784.6 
8Q8.7 
837 ..6 
056.6 
8E0.6 
95? .6 
977.0 
1100.7 
1075.0 
1120.8 
zl45. 2 
1158.5 
'1193.7 
17'16.6 
1388.6 
'1315.5 
1376.5 
1360.7 
1384.5 
64Q.5 
1OJ19.3 
L5ngth Change 
cc ( i n )  
2'' G. T,. __ 
. oodl 0 . c)o055 
.10095 . QOlOs; 
.DO12 3 
.90130 
.03ll40 
.Q0180 
-00235 
.ODs 05 . nolr 85 
.095 15 
.go525 
. o s 2 5  . 0525 
. m 3 0  
005 35 
.OOS65 
.00560 
.00555 
.oc56~ 
.0660 
.10565 
.~0563 
.00555 
.00565 
.00575 
,905 8Q 
.00480 
.004 85 
.30485 
.00505 . 00hb 0 
.?Oh65 
.Wlr85 
.00505 
.90515 
.005 15 . 005 10 
.00525 
.r)r)525 
.00520 
.00525 
Creep 
(% 1 -- 
.0?0 
.0775 
.dl75 
.os75 
.%I 
.O65 
-070 . '790 
.I175 
.7525 
,7425 
2575 
.763j 
.'625 
.'625 
.?65 
.?675 
.7R?5 
.? 8 0 
.7775 
.7€ -1 
.?a0 
..I975 
.780 
.?77 
.782 
.?A7 
.?YO 
.?b 
.?42 
.?4? 
252 
.770 
.232 
.?h2 
.752 
.?57 
.?57 
.?55 
.262 
.762 
.2@ 
.762 
P r e s s  re 
(Torr )  
6.? x 10'~ 
3.1 1-0-9 
5.1 10-9  
3.4 x lo-: 
3.3 x 10-9 
2.4 x 10'. 
2.3 x 10-9 
2.2 10-9 
1.8 13-9 
1.5 x 10-9 
1.6 x 10-9 
9.3 13-9 9 1.4 x 10- 
1.0 10-9 
1.0 '10-9 
1.6 10-9 
1.7 10-9 
7.7 x 10-13 
7.7 x 13-13 
7.3 x l?-LO 
l.3 x 13-9 
5.6 x 10-10 
5.5 x 10-10 
5.8 x 70-10 
5.8 x 10-10 
4.3 x 10-10 
1.b 10-9 
4.? x 10-'0 
7.7 x 13-10 
4.6 x 10-10 
3 2  x 10-10 
4.3 x 10-1-0 
5.0 x 10-10 
8.0 x 10-10 
3.0 x 10-10 
2.2 x 10-10 
1.5 x 19-1Q 
3.1. x 10-10 
6.7 x lr)- 'O 
6.6 x 
1.6 x 
1.6 x 10-'0 
Test i n  progress 
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CREEP TEST DkTA, TZC PUTE, RECRYSTAILIZH) AT 3092.F (1700'C) FOR 1 HOUR 
"ESl'ED AT 2000OF, Ik,OOO PSI 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
l2 
l3 
l.4 
15 
20 
25 
30 
34 
IrO 
45 
60 
-.m 
-.000e0 
-.00020 
-.00m0 
-.000l5 
0. ml5 -. 00010 
-0 oO010 
-.00w 
.ooOs . 00010 
.oow 
.00010 
.m 
00006 
.m 
.00a . 00010 
. om0 
.Ooob 
.00010 
.00010 
Creep Pressure 
( 9 )  
Time 
(Hours) 
2 
19 
43.3 
117.1 
U9.1 
162 09 
187 00 
2 lo. 8 
307.3 
331.1 
355 e 1  
378.9 
450.8 
875 02 
523.3 
D o 0 0 6  
m10 
.00010 
.00005 
.00005 . 00010 
.00010 
. O m 5  . 0006 
.mol5 
. O m 5  
moom 
.0006 
.mm 
.00010 
Creep Pressure 
(%I ('Parr) 
4 5.3 x 10 
8 2.8 x 10. 
8 2.0 x 10- 
1.4 x low8 
9.6 x 
9.1 x 
7.7 x lo-1o 
7.3 10-9 
6.0 10-9 
5.7 10-9 
4.7 10-9 
3.2 10-9 
4.4 x 10-9 
2.8 10-9 
2.4 x lo4 
Test discontinued due to lou creep rate. 
,. * 
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. TABTE 71 
CREEP TEST DATA, TZC PTATE, XEXRYSTAT,ILZED AT 3092°F (1709°C) FqR 1 HOUR, TESTED 
AT 2900'F (1093"C), 20,000 PSI (1.38 x lo8 N/rn2) 
Time 
(Hours) 
7Rngth Change 
O T, ( in )  Creep Pressure 
(2" G. L. ) (%I  ( T o r r )  
62.0 ,90015 . 0075 2 x 10-9 
85 09 . 00035 .0175 1.8 10-9 
110.0 . ~0040 ,020 2.2 10-9 
134.0 .OOOks 0022 1.6 10-9 
158 .I .00050 . 025 2.2 10-9 
254.0 .00050 . 025 2.2 x 10-9 230.0 .om60 .030 2.2 x 10-9 
Test discontinued t o  reload a t  higher stress 
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CR3ZP T3,V DATA, T Z C  PTPTE, RECdYSTAT,T,IZ4XI .4T 
AT 2000°F (1093"C), 33,OQO PSI 
Tenqth Change 
T i m e  AL ( i n )  
(Hours? 9'' G. 1,. .  
-~ 
1-9.0 
k7.r) 
57.1 
7-39 . 0 
163.4 
187.1 
3 7  1.4 
307 -2 
'31.5 
354 9 
379.1 
475 .7. 
547.7- 
570.9 
Creep P r e s s u r e  
(I% 1 (Torr) -_. 
. 009 5 
0 T.0 . 317 
.0275 
.13735 
.9325 
.07 0 
.932j . 020 
.WO . 0125 
.0?95 
7.5 
0075 
T e s t  d i s c o n t i n u z d  t q  use mit  f o r  anqther t e s t  
TRw EQUIPMENT LASORATORIES 
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TAY,E  VI11 
CREEP TEST DATA, TZC PIATE, RECIIYSTAT,TIZTD AT 3092°F (1700°C) FOR 1 HnUR, TESTED 
AT 3000'F (1393'C), 30,Or)O PSI (1.38 x l o 8  N/m2) 
'math Chance Lenath Chantre 
Y - Creep Pres su re  
T ime  A T ,  ( i n )  Creep P res su re  T ime AT, ( i n )  
(Minutes)  (2" G.T,.) ( % )  (Tor r  ) (Hours ) (3"  G .  T,. ) (% 1 ( T o r r )  
1 - 0  
3 -.33WO 
-.OOClrO 
-.00030 
5 
10 - .00005 
70 +.30005 
?5 +. 03010 
30 .00310 
6r, .00005 
-.00030 
; 
Specimen B-9 
0 
-0  010 - .02a -. 01s 
-.O15 
-.OQ25 
+.QW5 
+ . Q05 
+.005 
+.0025 
1.2 x 10-9 17.7 
4l.3 
65.7 
Q9.7 
161.3 
185.7 
209.1 
733.2 
?57.3 
329 -7 
355.9 
377.0 
401.1 
475.0 
. oflor4 0 
.70360 
.OoOPO 
.Oo110 
.00105 
.00175 
.0012 0 
.0017 0 
.00125 . 90135 . O O Q  . ool4 . OOlL 
.OOl.L5 
.070 
030 
0030 
.0#5 
.os25 
.0675 
.060 
.060 
.065 
,070 
.07?5 
070 
070 
7.6 x 10-9 
9.2 x 10-9 
3.2 x 10-9 
2.0 x 1.0-9 
1.3 10-9 
1.7 x 10-9 
1.7 x 10-9 
1.7 10-9 
1.3 x 10-9 
7.0 10-9 
3.7 10-9 
3.4 10-9 
7.4 10-9 
1.5 10-9 
T e s t  i n  p r o g r e s s  
TRW EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLURIUGE INC. 
T A B U  IX 
CREEP TEST DATA, TZC PLATE, FECRYSTAToTJIZ?D AT 3092OF (1700°C) Fr)R 1 HWR, TESTED 
AT 2200OF (120b°C), 18,000 PSI (1.24 x lo8 N/m2) 
Length Change Length Change 
T i m e  T, ( i n )  Creep Pressure  Time L ( i n )  Creep Pressure 
(Hours ) ( P r r  G .  L.) ( % I  ( T o r r )  - -(Minutes)  (2" G.T,..) (7 )  (Torr) 
1. - .00005 
7 0 
3 0 
4 0 
5 0 
10 .WOO5 
70 .1)0010 
30 .00005 
40 . 0c)O1.0 
60 .om05 
-.om5 3 x 7q-9 
0 
0 
0 
0 
.0075 
.005 
.m5 
. O S  
00025 
Specimen B-8 
6h.3 
88.h 
l.l?.5 
136 .4 
1.60.4 
737.5 
756.9 
780.4 
304.3 
378.5 
40Q.h 
477.1 
448.2 
477.3 
496.3 
. O91.10 .c% b.1 1.0-9 
.0012 0 . o b  3.7 10-9 
.9OlL0 . ~ 0  2.7 10-9 
.Do? 15 .lo7 2.0 10-9 
.Om70 .IS 1.8 10-9 
.007 80 -140 1.8 x 10-9 
-00325 .162 7.0 x 10-9 
. 00510 .755 1.8 10-9 
. ~10165 .08? 3.4 x 10-9 
.OW55 ,127 2.7 x 10-9 
.00310 .I55 9.6 x 10-' 
.00365 .182 1.7 x 10-9 
.30390 .195 5.5 x 
. 005 80 .790 1.6 x 10-9 
.90610 .305 1.4 x 10-9 
Tes t  i n  p rogres s  
TRw EQUIPMENT LABORA TORIES 
THOMPSON R A M 0  WOOLORIDGE INC 
TASTE X 
CREEP TEST DATA, STRESS-RET,IEY!3D AS-30 PTATE, TESTED AT 2000°F (1093OC) 
11,000 PSI (7.58 x 1 0 7 N  /m2) 
Length Change 
T i m e  A L  ( in )  Creep 
(Minutes) (2" G.T,.) ( 9 )  
I 
2 
3 
Ir 
5 
6 
7 
8 
9 
10 
I 1 
13 
13 
1L 
15 
70 
30 
45 
60 
- . 0002 0 
.00020 . 00900 
.90005 . 00000 . 09005 . 00005 
.0006 
. o o o ~  
000905 
.om6 
. 00005 . 00005 . 00005 . 00010 . oom 0 
- 
- 
Specimen 9-6 
- . 010 . 010 
0 
00025 
0 . OM5 
.0025 . 0025 
.om5 
.0025 
.OW5 
00925 
,0025 
.Om5 
.005 
.010 
- 
- 
Pressure Time. 
(Torr) (Hours) 
2 
15 -9 
39.8 
63.7 
87 .4 
1.6 x 10-7 2 .5 
231.9 
255.7 
327.7 
351.6 
375 06 
399.7 
423.8 
495.7 
519.6 
543.6 
567.7 
591.7 
663.6 
688.0 
711.8 
736.1 
879.6 
901 .P 
927 e 7  
999.7 
1076.5 
1047 .6 
1071.fl 
1095.5 
1167.7 
760.3 
856 .? 
1191.9 
tength Change 
01, ( i n )  
(3" G.L.) 
.0002 0 
.00040 
.mi65 
00017 . 002 10 
.00235 
000315 
.odroo 
.ochoo 
.00410 
.0@30 
.Q0560 
.00575 
.00605 
.00655 
000685 
.00795 
.00810 
.00985 
.01020 
. O m  0 
-011 95 
.013 35 
.01260 
.012 85 
.Dl340 
.01h99 . Ql.5 1.0 
.01.#30 
.OI6 00 
.QT5 85 . 017 15 
.017 80 
.01795 
.01850 
.02020 . 02 035 
Creep 
(%) -
.010 
0070 
.OW 
-085 
0105 
.1175 
.1575 
02 00 
-200 
02 05 
-715 
0280 
.287 
e302 
.327 
-342 
.397 
.405 
.492 
.510 
0535 
0597 
.617 
.610 
.64? 
.670 
.745 
0755 
-765 
.A00 
.84? 
.857 
.890 
.897 
.925 
1.01 
1.017 
Pressure 
(Torr) 
1.1 x 10-8 
1.0 x 10- 
7.8 x 10-9 
5-6 x 10-9 
5.5 x 10-9 
3.8 x 10-9 
2.4 x 10-9 
2.6 x 10-9 
2.1 x 10-9 
1.6 x 10-9 
1.6 x 10-9 
1.7 x 10-9 
1.7 x 10-9 
5.2 10-9 
6.4 10-9 
7.4 x 10-9 
2.0 10-9 
3.4 10-9 
2.5 x 10-9 
3.3 10-9 
1.0 x 10-8 
1.0 x 10-8 
3.7 10-9 
7.2 x 10-9 
2.4 x 10-9 
7.9 10-9 
6.0 10-9 
2.8 10-9 
5.5 x 10-9 
1.6 x 10-9 
5.8 x 
6.5 x 10-9 
8.6 x 10-9 
8.5 x 10-9 
8.6 x 10-9 
Test terminated a f t e r  reaching 1% creep 
TRw EQUIPMENT LABORATORIES 
THOMPSON R A M 0  WOOLORIDGE INC. 
TABTE XI 
CREEP TEST ?ATA, 3TRSSS-RET,IEV?3D AS-30 PLATE, TESTED AT 2200°F (12%OC) 
8000 PSI (5.51 x 107 N/&') 
Tsngth Change 
Time hL (in) creep pressure 
(Minutes) (2" G. 1.) (%I (Torr) 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
32 
13 
l.4 
15 
20 
30 
45 
60 
Length Change 
Ti lW AL (in) Creep Pressure 
( H O W S ~  (2" G o  Z.) ($1 (TOR') 
2 02 
13.7 
46.0 
61.8 
85 06 
PJ7.7 
181.6 
26.6 
22907 
6.7 10-9 
1.4 
1.5 x loo8 
4.1 x 10-9 
4.2 loo9 
3.3 10-9 
3.2 10-9 
207 X loo8 
8 1.2 x 10- 
Test disamtinusd after reaching creep. 
Specimen B-7 
8537 
